Trigonella foenum-graecum
Different parts of the plant such as leaves and seeds are consumed in India. Fenugreek is regarded as the oldest known medicinal plant in recorded history and has been used to reduce blood sugar and lower blood cholesterol in humans and animals (Mathur and Mathur, 2005; Aasim et al., 2010) . It contains three important chemical constituents with medicinal value, that is, (i) steroidal sapogenins, (ii) galactomannans, and (iii) isoleucine. These constituents have placed fenugreek among the most commonly recognized "nutraceutical" or health food products (Acharya et al., 2006) . Beneficial effects of fenugreek can be attributed to its bioactive molecules, which include saponins, alkaloids, flavonoids, mucilaginous fiber, lysine-rich proteins, and volatile oils. It has been reported that fenugreek contains 81 phyconutrients and diosgenin, a steroid saponin found in fenugreek seeds, is the most bioactive component (Aasim et al., 2010) . Diosgenin is often used as a raw precursor for the production of steroidal drugs and hormones such as testosterone, glucocorticoids, and progesterone. Studies reveal that a maximum level of diosgenin [(25R)-5-spirosten-3h-ol] is found to be in young leaves (20 mg g -1 dry weight) and in mature seeds the percentage ranges from 0.28 to 0.92%. McAnuff et al. (2002) reported that steroidal sapogenins were effective agents for the treatment of hypocholesterolemia, a disorder often associated with diabetes (McAnuff et al., 2002; Raju et al., 2004) . At present natural diosgenin is procured economically from the tubers of certain wild species of Mexican yam (Dioscorea spp.). However, this process is both time consuming and costly, requiring several years before the yam tubers grow to a size where they possess a sufficient concentration of diosgenin to be used as source of commercial and pharmaceutical reagent (Acharya et al., 2008; Rosser, 1985; Zerbino and Birney, 2008) . Fenugreek may be a viable alternative for production of diosgenin because of its shorter growing cycle, lower production costs, and consistent yield and quality. Researchers are trying to produce improved varieties by conventional breeding (McCormick et al., 1998) and genetic engineering techniques (Das and Pattnaik, 1997; Ahmad et al., 1999) . The knowledge of intermediate components in biosynthetic pathway of diosgenin is in its infancy. The pathway databases have reported discontinued saponin pathways. Development of better varieties with high diosgenin content is restricted by the lack of genomics and transcriptome information or limited information of genes involved in biosynthesis and its regulation.
Next generation sequencing methods for high throughput ribonucleic acid (RNA) sequencing (transcriptome) is becoming increasingly used as the technology of choice to detect and quantify known and novel transcripts in plants. This transcriptome analysis method is fast and simple because it does not require cloning of the complementary DNA (cDNA). Direct sequencing of the cDNA can generate short reads at an extraordinary depth. After sequencing, the resulting reads can be assembled into a genome-scale transcription profile. It is a more comprehensive and efficient way to measure transcriptome composition, obtain RNA expression patterns, and discovers new exons and genes (Mortazavi et al., 2008; Wang et al., 2009) . Here, we have performed whole transcriptome sequencing of Trigonella foenum-graecum on the SOLiD 4 Genome Analyzer (Life Technologies) to study the whole transcriptome along with the diosgenin biosynthesis pathway. In-depth comprehensive bioinformatics analysis, including functional annotation and curation of the generated data within the context of biochemical pathways to unravel several important genes associated with biological roles in the diosgenin biosynthesis, has been performed. Finally, we provide a basis for a more comprehensive understanding of the transcriptional regulatory networks, which might govern the secondary metabolite synthesis in the diosgenin pathway. This finding will make the genetic basis for developing a high diosgenin producing variety.
Materials and Methods

Selection of Trigonella foenum-graecum for RNA Extraction
In the present study initially we had five varieties of fenugreek, namely GMV-1, GM-2, PEG, MMT-5, and Raj Methi (RMT). The extraction of diosgenin were performed at a small scale from leaf, stem, and seed, and the GMV-1 variety was found to yield 0.076% w/w from leaf, 0.09% w/w from stem, and 0.6% w/w from seed diosgenin (Trivedi et al., 2007) . So Trigonella foenum-graecum (GMV-1), an improved variety from Gujarat region, was selected for the present study. The variety was chosen because the diosgenin yielding capacity was found to be comparatively higher than other available varieties.
Ribonucleic Acid Extraction and Messenger
RNA Preparation
Total RNA was isolated from 100 mg of snap-frozen seedlings using TriZol reagent (Ambion). The isolation was performed as per the TriZol reagent isolation methodology. Approximately 80 to 100 μg of high quality total RNA was obtained. Quality of RNA was determined by agarose gel electrophoresis, optical density (OD) 260:OD280 ratio (1.9 ± 0.05), and RNA Pico Chip 6000 (Agilent Technologies) on an Agilent Technologies bioanalyzer with ribonucleic acid integrity number (RIN) value (>6.5). Messenger RNA (mRNA) was isolated from total RNA using a Micro Poly(A) Purist kit (Ambion). The isolated mRNA was analyzed for size and yield on an Agilent Technologies bioanalyzer using RNA 6000 Pico Chip kit.
Complementary DNA Library Construction
The transcriptome library was prepared using SOLiD Total RNA-Seq (RNA sequencing) Kit (Life Technologies). The mRNA was fragmented with ribonuclease (RNase) III enzyme (SOLiD Total RNA sequencing kit, catalog number 4445374; Life Technologies) at optimized conditions and subsequently ligated to short SOLiD Adaptor Mix, which provided the primary sequences for both amplification and sequencing of the sample library fragments. Adaptor-ligated RNA was then reverse transcribed with SOLiD ArrayScript Reverse Transcriptase. The cDNA was purified using MinElute PCR Purification Kit (Qiagen). The purified cDNA was resolved on Novex 6% precast gel (catalog number EC6865BOX; Invitrogen), from which the 150-to 250-bp fragments were excised. The fractionated cDNA was subjected to 15 to 18 cycles of polymerase chain reaction (PCR) amplification. The number of PCR cycles needed for amplification was determined by the ability to visualize the amplified product on a 2% Size-select E gel (catalog number G6610-02; Invitrogen by Life Technologies). The amplified PCR products were purified and then quantified on an Agilent 2100 bioanalyzer using Agilent High Sensitivity DNA chip kit (Agilent Technologies). The average size of the library was about 230 bp and less than 10% of the amplified DNA was found in the 25 to 200 bp range.
SOLiD RNA Sequencing
The sequencing run was performed using cycled ligation sequencing on a SOLiD 4 Analyzer at the Xcelris Genomics Centre. In preparation for sequencing, the whole transcriptome analysis (WTA) library fragments were clonally amplified by emulsion PCR by using 1.6 billion 1-μm beads with P1 primer covalently attached to the surface. Emulsions were broken with butanol, and emulsion PCR (ePCR) beads were enriched for templatepositive beads by hybridization with P2-coated capture beads (SOLiD reagent; Life Technologies). Templateenriched beads were extended at the 3′ end in the presence of terminal transferase and 3′ bead linker. About 65 million beads with clonally amplified DNA were then deposited onto one-fourth of a derivatized glass surface of a 25 by 75 mm SOLiD slide. The slide was then loaded onto a SOLiD 4 instrument, and the 50-base sequences were obtained according to manufacturer's protocol (SOLiD ToP Fragment Library Sequencing Kit MM50 part number 4449388; Life Technologies). The sequencing on a Life Technologies SOLiD 4 Analyzer, as described in the Methods, generated 65 million raw reads. The total number of raw reads generated was 65 million. These 65 million sequenced reads were corrected using SAET (SOLiD Accuracy Enhancement Tool) and filtrated using an in-house Perl script to obtain the unique high quality reads, which were found to be 42 million reads. The high quality reads were used for de novo assembly.
De Novo Assembly
We used various programs for de novo assembly for whole transcriptome analysis to generate a nonredundant set of transcripts. Among the various programs available, we used Velvet (version 1.0.18), which has been developed for assembly of short reads using de Bruijn graph algorithm (Zerbino and Birney, 2008; Garg et al., 2011) . Various assembly parameters have been used to assembled the transcripts and finally CAP3 (Huang and Madan, 1999) was used to reduce the redundancy and increase the N50 (contig length) value to obtain the best result. In addition, we used other publicly available programs, including Oases (Schulz et al., 2012) and the commercially available CLC Genomics Workbench (version 4.6.1; Garg et al., 2011) , which has also been developed for de novo assembly of short reads, to obtain best assembly results with our data set. Reads were first assembled with Velvet followed by Oases and CLC Genomics Workbench (Fig. 1) . These assembled reads were further processed using CAP3 to perform the metassembly. Final assembled transcript was in silico validated by mapping reads on transcripts using CLC Genomics Workbench with default parameters (mismatch score of 3) followed by Similarity search and annotation using BLAST tool.
Annotation and Functional Classification
Annotation of the assembled transcript contigs was performed using BLASTX algorithm and nonredundant protein database in the National Centre for Biotechnology Information (Altschul et al., 1990) . The automated BLASTX analysis was done using Blast2GO to assign gene ontology (GO) terms to the transcript contigs (Conesa et al., 2005) . The transcript contigs were classified under three GO terms such as molecular function, cellular process and biological process (Ness et al., 2011; Shi et al., 2011; Wang et al., 2010) . For the identification of transcription factor families represented in fenugreek transcriptome, the transcripts were searched against all the transcription factor protein sequences in the Plant Transcription Factor database (PlnTFDB; http://plntfdb. bio.uni-potsdam.de/v3.0/downloads.php) using BLASTX with an E-value cutoff of ≤1 × 10 -6 .
Pathway Mapping using Kyoto Encyclopedia of Genes and Genomes
Gene ontology assignment and pathway mapping of the transcript contigs was done using the Kyoto Encyclopedia of Genes and Genomes (KEGG) automatic annotation server (Moriya et al., 2007) . The KEGG Automatic Annotation Server (KAAS) provides functional annotation of genes by basic local alignment search tool (BLAST) comparisons against the manually curated KEGG GENES database. The contigs were assigned with the unique Enzyme Commission (EC) numbers based on the similarity hit against KEGG database using BLASTX (default threshold bit-score value) (Natarajan and Parani, 2011) . Distribution of contigs under the respective EC number was used to map them to the KEGG biochemical pathways. PathVisio (Chandan et al., 2012) was used for graphical representation of the pathways.
Results and Discussion
Sequencing, De Novo Assembly, and Sequence Analysis
Trigonella foenum-graecum variety GMV-1 from Gujarat region was chosen for transcriptomic study. Total RNA was isolated from seedling samples. The poly (A)+ RNA was isolated, fragmented with RNase III enzyme, subsequently ligated to short SOLiD Adaptor Mix, and then reverse transcribed with SOLiD ArrayScript Reverse Transcriptase to synthesize cDNA for SOLiD 4.0 sequencing. A total of 65 millions reads 50 bp long were obtained from one spot (one-fourth of slide). These 65 million sequenced reads were corrected using SAET for potential sequencing errors. This was followed by filtration based on following parameters such as removal of low quality reads and removal of all reads containing dots (i.e., no base call) using an in-house Perl script to obtain the unique high quality reads, which were found to be 42 million reads. The reads were analyzed for each base position and its average quality score was approximately 21. The high quality reads were de novo assembled by Velvet (Zerbino and Birney, 2008), Oases (Schulz et al., 2012) , and CLC Genomics Workbench to obtain longer transcripts with various algorithms (Garg et al., 2011) . The high quality reads were assembled using Velvet (Zerbino and Birney, 2008) at different k-mer lengths of 25, 27, 29, and 31 to analyze various output parameters. The best assembly was for k-mer 25, as it resulted in 63,512 contigs and highest N50 length of 207 bp (Table 1 ). The Oases program (Schulz et al., 2012) has been used with default parameters for assembly of contigs generated by Velvet for better transcript contigs followed by denovoadp program (a module included in SOLiD BioScope Software 1.3), which was used to minimize the total number of sequencing errors in transcript contigs. We also performed assembly on the same data set using CLC Genomics Workbench (Garg et al., 2011) . We obtained a total number of 98,654 transcript contigs, which is higher than the Velvet assembly (Table 1 ). All transcript contigs obtained from the above mentioned methods were assembled by CAP3 procedure (Huang and Madan, 1999) with overlap length cutoff of 40 bp and overlap percent identity cutoff (90% of read coverage). CAP3 is an efficient sequence assembler that joins highly similar overlapping sequences and thus reduces the redundancy of transcripts generated. The total number of 45,269 contigs and 26,952 singletons were found. The transcript contigs were merged along with the singletons, and these combined transcript contigs and singletons were mapped on the unique high quality reads for validating the assembly using CLC Genomics Workbench. It resulted in 20,561 transcript contigs with N50 value of 369 and largest transcript length of 3023 bp in the Trigonella foenum-graecum sample ( Fig. 2; Table 2 ). These mapped transcripts were then used for further downstream analysis and the unmapped reads were not considered.
Functional Annotation
To assess the coverage and quality of transcript contigs, we used BLASTX to align the contigs against the nonredundant sequences database using an E-value threshold of 10 -6 . For the de novo assembly, where no annotated reference is available, the matching of contigs to known proteins gives an indication of the quality of assembly (Parchman et al., 2010) . Out of 20,561 transcript contigs, 18,333 (88.3%) were having BLAST hits to known proteins with high significant similarity and 2409 (11.7%) had no BLAST hits. Similarity distributions showed that the maximum number of transcripts have 90% positive alignment length (Fig. 3) . Out of the total transcripts contigs, 3461 showed significant similarity with Medicago truncatula and 3094 with soyabean [Glycine max (L.) Merr.] and least similarity was found with clover (Trifolium repens L.) (39 transcript contigs) (Fig. 4) . Furthermore, transcription factor encoding transcripts were identified by sequence comparison to known transcription factor gene families. In total, 1464 putative fenugreek transcription factor genes, distributed in at least 76 families, were identified. The overall distribution of transcription factor encoding transcripts among the various known protein families is very similar with that of other legumes as predicted earlier (Libault et al., 2009) (Fig. 5) .
Gene Ontology Classification
The Gene Ontology Consortium provides a structured language that can be applied to the functions of genes and proteins in all organisms. Gene ontology mapping resulted in retrieving GO terms for annotated transcripts contigs using different databases; the maximum number of GO terms related to BLASTX hits were found in the UniProtKB database followed by The Arabidopsis Information Resource (TAIR). To functionally categorize Trigonella foenum-graecum transcript contigs, GO terms were assigned to each assembled transcript contig. Out of 18,333 transcript contigs, 14,249 were assigned GO terms using Blast2GO (Conesa et al., 2005) , where the optimal annotation score was obtained for all the transcript contigs with the least similarity of 55%. The maximum numbers of transcript contigs annotated were having similarity between 65 and 70% for the sample. A total of 14,249 transcript contigs were annotated according to all the three GO subvocabularies (i.e., "cellular component," "biological process," and "molecular function"). Eleven thousand three hundred seventyeight transcript contigs were annotated with biological process, 12,471 with molecular function, and 11,062 with cellular components. Transcripts associated with similar functions were assigned to same GO functional group. After GO classification, levels were determined based on coverage and specificity. Level 1 provides the highest coverage with the least amount of term specificity. With each increasing level, coverage decreases while specificity increases. In our studies we found that level 2 typically maintains good coverage and also provides meaningful term specificity. "Biological process" of level 2 classify 80% of the transcript contigs related to "metabolic process." "Molecular function" of level 2 classify 71% of the transcript contigs related to "binding activity" while "cellular component" of level 2 constitutes about 99% of the total transcript contigs related to "cell" (Fig. 6) . The mapping assigned 14,249 EC numbers to transcript contigs out of 18,333 annotated transcript contigs. The EC number is associated with a recommended name for the respective enzyme. Each transcript contig can be multifunctional and hence can lie in more than one function. Therefore, the number of transcript contigs for each level varies significantly (Fig. 7) . This shows there were certain transcript contigs that were involved in more than one function in the sample. 
Pathway Mapping of Contigs by Kyoto Encyclopedia of Genes and Genomes
Ortholog assignment and mapping of the contigs to the biological pathways were performed using KAAS. All the annotated contigs were compared against the KEGG database using BLASTX with default threshold bit score value and expected threshold. It assigned an EC number for 6775 transcript contigs and they were mapped to respective pathways. The mapped transcript contigs represented the metabolic pathway of major biomolecules such as carbohydrates, amino acids, and secondary metabolites pathways.
Biosynthesis of Diosgenin
Diosgenin is synthesized from cholesterol in several plants but not much information is available about biosynthetic pathways of steroid saponins and related metabolites apart from the knowledge that cholesterol and sitosterol are their cycloartenol-derived precursors (Mehrafarin et al., 2010) . We have identified 11 key enzymes that control the pathway route to diosgenin biosynthesis. Four of the enzymes are reported as key enzymes by Mehrafarin et al. (2010) , wherein they have discussed about lanosterol via the formation of cholesterol pathways (Table 3) . Three pathways, namely glycolytic pathway, mevalonate pathway, and steroid biosynthesis pathway, are involved in diosgenin biosynthesis. Integrating these three pathways we arrived at a conclusion that diosgenin may be formed from squalene 2,3-oxide in two ways, (i) from lanosterol via the formation of cholesterol and (ii) from cycloartenol via the formation of sitosterol. A total of 27 transcript contigs were mapped on the glycolytic pathway from glucose to acetyl-coenzyme A. The most important and main pathway is the steroid biosynthesis pathway on which 14 transcript contigs were mapped, and 17 of the contigs were mapped on the mevalonate pathway, which connects the glycolytic and steroid pathway. The mevalonate pathway is a part of terpenoid backbone biosynthesis (Fig. 8) .
We have hypothesized that uracil-diphosphate glucose is added to sitosterol with the enzymatic activity of sterol 3-β-glucosyltransferase synthesizing sterol 3-β-D-glucoside (saponin). This saponin is converted to diosgenin through removal of glucose molecule. The 26-O-β-glucosidase catalyzes the reaction. Analysis of the pathway using KASS-KEGG helped us to know the intermediate compounds and the key enzymes that were involved in the formation of diosgenin (Fig. 9) . The hypothesis was well supported by the KAAS analysis. The final transcript contigs obtained after CAP3 assembly (Huang and Madan, 1999) were used for pathway analysis with the KAAS server. The contigs that represented the genes coding the enzymes were identified. Contigs for all the enzymes involved in diosgenin synthesis via the cycloartenol route were found in the data thereby supporting the hypothesis. . Basic local alignment search tool (BLAST) top-hit species distribution for GMV-1 sample. The most significant similarity was found in Medicago truncatula and then Glycine max, which indicated that they were phylogenetically closely related. The least significant similarity was found in Trifolium repens.
Conclusions
Trigonella foenum-graecum is a viable alternative source for diosgenin production and transcripts generated in the present study will certainly accelerate the understanding of the processes regulating diosgenin formation. We have assembled 20,561 transcript contigs and identified 18,333 annotated transcripts. A total of 14,249 annotated transcript contigs out of 18,333 were assigned an EC number. This includes 58 transcripts that were directly involved in diosgenin biosynthesis. The similarity distribution showed maximum similarity of Trigonella foenumgraecum with Medicago truncatula and Glycine max. This transcriptomic information will be useful in genetic engineering of Trigonella foenum-graecum for increased diosgenin content. Encyclopedia of Genes and Genomes Automatic Annotation Server (KAAS) identification numbers for mapped contigs. Using the KAAS, unique identifiers of the pathway enzymes final diosgenin biosynthetic pathway was deciphered by integrating glycolysis, mevalonate, and steroid biosynthesis pathway as shown in figure. CoA, coenzyme A, HMG, hydroxymethylgutaryl coenzyme A reductase; PEP, phosphoenol pyruvate; IPP, isopentenyl pyrophosphate isomerizes; DMPP, dimethylallyl pyrophosphate; GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate. PathVisio (Chandan et al., 2012) .
